To define better the subcellular mechanism of heat shock-induced cardioprotection, we examined the effect of heat shock (HS) as well as selective expression of individual heat shock proteins (HSP) on cellular injury in neonatal rat ventricular myocytes (NRVM).
Introduction
. Finally, HSP27 has been reported to inhibit cytochrome c-dependent activation of procaspase 9 (9) . Moreover, the HSPs are known to associate with cytoskeletal proteins. This interaction may be important for at least two reasons. First, HSP27 has been shown in simple cellular systems to stabilize certain cytoskeletal structures, which in turn have been associated with increased resistance to stress (4, 11, 14) . Secondly, since irreversible ischemic injury in myocardium is thought to involve critical lesions to the cytoskeletal support system (8, 15, 32, 38) , proteins that could bind to and protect these critical proteins would be predicted to protect against lethal cell injury (8, 15, 32, 36, 38) .
Focal adhesion kinase (FAK) has become recognized as a key mediator of cell survival signaling pathways. FAK is a non-receptor protein tyrosine kinase that is localized to focal adhesions and costameres and is activated in response to cell adhesion, integrin clustering, and growth factor stimulation (29) . FAK plays a critical homeostatic role because it transduces extracellular matrix (ECM)-derived survival signals (2). FAK binds to integrins (cell surface receptors) as well as several intracellular proteins that are important in signal transduction including paxillin, tensin, p130 CAS , talin, and vinculin (28, 33) . Paxillin (cytoskeletal/adapter protein) and p130 CAS (docking protein) act as docking/adapter proteins that concentrate and facilitate cell-signaling proteins at the focal adhesion junction (28) . The potential importance of this pathway in cell survival is highlighted by recent studies showing that disruption of the FAK/paxillin interaction localized at the focal adhesion has dire consequences for cell survival (34, 35).
Therefore, emerging evidence suggests that more than one potential target, perhaps a pathway of signaling molecules, could be responsible for the cardioprotective effects of HS and/or HSPs. However, defining the role that signaling molecules may play in whole animal models of ischemic injury is difficult since such models does not selectively increase or decrease expression exclusively in the myocytes. Selective overexpression of HSPs in a cultured ventricular myocyte system provides a reproducible model system whereby subcellular targets and/or binding proteins can be better examined.
Methods and Materials
All experiments reported here conformed to the standards in the "Guide for the Care and Use of Laboratory Animals," DHEW Publ. No. NIH 85-23, revised 1985.
Isolation of neonatal myocytes: For each isolate, the ventricular portion of 9-12
hearts from 1-to 2-day-old rats were pooled and were gently agitated overnight at 4° C.
with trypsin (0.1 gm in 100 cc) in Hanks balanced salt solution (HBSS). The next day, the myocytes were digested further with serial incubations in collagenase (0.1 gm in 100 cc HBSS). The final cell isolate was centrifuged for 3 minutes at 1000 rpm at 4°C. The resulting supernatant was discarded and the cells were resuspended in ice-cold DMEM, transferred to a 50 ml conical tube, and centrifuged again for 3 minutes at 1000 rpm at 4°C. The resulting supernatant was discarded and the cell yield was determined using a hemocytometer.
Cell Culture: After isolation and purification, the myocytes were resuspended in DMEM culture media (supplemented with 10% FBS and containing antibiotics
[penicillin-streptomycin and gentamycin to inhibit bacterial growth]) and cultured on 100 mm plates for 30 minutes to reduce fibroblast contamination. Following pre-plating, cells were cultured in standard 6 well plates or 35 mm dishes (Corning Inc., Corning, NY). After 24 hours of culture, the media was changed to DMEM without FBS.
Immunofluorescent staining for muscle-specific actin confirmed that greater than 95% of the plated cells were myocytes (data not shown).
Construction of recombinant adenovirus: The 0.76-kb coding region of the human HSP27 c DNA (provided by Drs L. Weber and E. Hickey, University of Nevada
[Reno]) was used to make the construct for the HSP27 virus. The appropriate fragments were cloned between the enhancer/promoter of the cytomegalovirus immediate-early genes and the Simian virus 40 polyadenylation signal of the pACCMV. pLpA shuttle vector provided by Dr. R. Gerard. Replication-deficient adenovirus was generated through homologous recombination of two plasmids (pJM17, a bacterial plasmid that contains the full-length adenoviral genome, and the shuttle vector) after cotransfection into E1 transformed human embryonic kidney 293 cells to produce E1-deleted adenovirus encoding the appropriate transgene. Infecting confluent HEK293 cells, harvesting the cells, and concentrating the cells through CsCl ultracentrifugation generated viral stocks. Viral stocks were then desalted through a Sepharose CL4B (Sigma Chemical Co) column into a Tris-buffered solution, plaque-titered, aliquoted, and stored at -70°C with 10% glycerol until use.
The inducible rat HSP70i was cloned into the multiple cloning site of the adenoviral shuttle plasmid pACCMVpLpASR. This plasmid contains the 5' end of the adenovirus serotype 5 genome (map units 0-17), where the E1 region has been substituted with the human cytomegalovirus enhancer/promoter followed by the multiple cloning sites from pAC19 and the polyadenylation region from simian vacuolating virus No. 40.
The resulting plasmid was cotransfected with pJM17, a plasmid that contains the complete adenovirus 5 genome, into the human embryonic kidney cell line 293 using the calcium phosphate transfection method. Infectious viral particles containing the inserted HSP70 were generated by in vivo recombination in the 293 cells and were isolated as single plaques 7 days later. Viral stocks were then desalted through a Sepharose CL4B
(Sigma Chemical Co) column into a Tris-buffered solution, plaque-titered, aliquoted, and stored at -70°C with 10% glycerol until use.
The FRNK virus (FAK-related non-kinase) was a generous gift from Dr. Allen Samarel (Loyola University Medical School, Chicago, Illinois).
Experimental design/ protocol: Myocytes were divided into three main groups;
control, adenovirus-infected, and heat shocked. For all studies, the number of separate replicates (i.e. isolates) is indicated in the Results section and the corresponding figure legend. Data from at least 3 separate cell isolations were averaged for all cell injury data (i.e. LDH release and trypan blue counts). Western blot data was generated in parallel from the same isolates as the cell injury data.
Adenoviral infection: Myocytes were infected for 48 hours with replicationdeficient adenovirus containing the cDNA of HSP70i, HSP27, or FRNK (see above).
Control myocytes were cultured without any adenovirus infection or with an empty adenovirus (not containing cDNA). After 48 hours of incubation, the myocytes were each split into two equal halves (i.e. 3 wells from each 6 well plate). One half of each plate was used for Western blot analysis of protein expression and cell signaling analysis and the other half was used to assay for cardioprotection from simulated ischemic injury.
Induction of heat shock: In the other major experimental group, myocytes were subjected to heat shock by rapidly increasing the temperature of the culture plates to 42°
C. for 20 minutes followed by 20-24 hours of recovery at 37° C. Control myocytes were cultured in parallel at 37° C. but not subjected to heat shock Metabolic Inhibition: All groups following infection or heat shock were subjected to simulated ischemia and/or reperfusion using a metabolic inhibition (MI) Statistics: Each myocyte isolate generates control and experimental groups and therefore each isolate serves as it's own control. All data is expressed as mean plus or minus the standard error of the mean. For Western blot data, films were scanned and data is reported in arbitrary units and/or or percent elevation over the control cells. Western data reported originate from one gel. Statistically significant differences between groups were tested using ANOVA followed by correction for multiple comparisons or the paired t test (when only two groups were compared). In all analyses, a p value less than 0.05 are considered statistically significant.
Results

Effect of heat shock and adenoviral infection on HSP expression in NRVM
Heat shock caused a robust increase in the expression level of HSP70 ( Figure   1A ). Heat shock also increased HSP27 expression levels but to a lesser degree than HSP70 ( Figure 1A ). Figure 1B shows that heat shock induced a large increase in HSP70 expression in all three subcellular compartments (cytosolic, membrane, and cytoskeletal).
Infection with HSP27 adenovirus caused an increase in HSP27 expression in all three compartments but did not result in a significant increase in HSP70 expression. Figure 1C confirmed that infection with both viral vectors (i.e. HSP27 and HSP70) resulted in coexpression of both HSP27 and HSP70 in the same myocyte population.
Effect of heat shock on response to lethal cell injury (Figure 2) First, we sought to confirm that heat shock would protect isolated NRVM against simulated ischemia/reperfusion (IR) injury. Previous studies have shown that incubation of myocytes with inhibitors of both glycolysis (IAA) and mitochondrial respiration (amytal) causes significant irreversible injury (36, 37, 39). Myocytes were subjected to heat shock (see Methods and Materials) and were allowed to recover for 20-24 hours prior to the onset of IR. After 150 minutes of metabolic inhibition followed by simulated reperfusion, control myocytes released 34.8 +/-3.1% of total LDH. In contrast, myocytes subjected to heat shock prior to IR released significantly less LDH; 26.9 +/-2.4%; n=10; p<0.004; Figure 2A ).
To determine if heat shock also protected against apoptotic cell death, we conducted additional experiments using the TUNEL assay as an indication of apoptotic death. As shown in Figure 2B , 10 minutes of metabolic inhibition followed by reperfusion resulted in significant apoptotic cell death (20.0 +/-3.2%). As expected, as the duration of metabolic inhibition was increased to 60 minutes, the amount of apoptotic cell death increased (46.4 +/-1.25% vs. 20.0 +/-3.2% 10 min vs. 60 min). When myocytes were exposed to heat shock prior to metabolic inhibition, the amount of apoptotic cell death was significantly inhibited at both time points (20.0 +/-3.2% vs. 8.7
+/-2.8% at 10 min; control vs. heat shock; p<0.02; 46.4 +/-1.3% vs. 17.6 +/-3.3% at 60 min; control vs. heat shock; p<0.05).
Effect of adenoviral-mediated HSP expression on lethal cell injury cell injury ( Figure 3 )
One of the primary aims of the study was to determine more precisely the subcellular mechanism of HSP-induced cardioprotection. Therefore, the ability to achieve cardioprotection with selective expression of single HSPs was an important prerequisite for further subcellular investigation to be meaningful. Infection of NRVM with either HSP27 or HSP70 adenovirus resulted in a marked and selective increase in the appropriate heat shock protein ( Figure 1C ). However, after 150 minutes of MI followed by reperfusion, LDH release was not significantly different between control myocytes and myocytes selectively expressing either HSP27 or HSP70 (data not shown).
To confirm the lack of protection, we conducted additional experiments in which NRVM were subjected to 150 minutes of MI and cell injury was assayed by trypan blue exclusion rather than LDH release. Similar to the LDH data, cells infected with either HSP27 or HSP70 alone did not show significant protection (i.e. reduction in trypan bluepositive cells) compared to control NRVMs (p=NS by ANOVA; Figure 3A ).
Effect of dual HSP27/HSP70 expression on lethal cell injury
Since heat shock provided significant protection against lethal cell injury in NRVM and selective expression of either HSP27 or HSP70 alone did not, we reasoned that heat shock-induced protection might be more complex than increasing expression of a single HSP (at least HSP27 and/or HSP70). Therefore, we co-infected NRVM with both HSP27 and HSP70 adenoviral vectors to determine if expression of more than one HSP simultaneously in the same myocyte would provide better protection than either HSP alone. As shown in Figure 1C , dual infection resulted in substantially increased expression of both HSP27 and HSP70. Furthermore, myocytes expressing both HSPs were protected compared to control cells when subjected to 150 minutes of MI (35.6 +/-2.4% vs. 28.0 +/-1.4%; control vs. dual expression; p< 0.04; Figure 3B ).
Effect of HS on integrin ß1/paxillin binding
Integrins are cell surface receptors known to be physically linked to certain members of the focal adhesion complex including focal adhesion kinase (FAK) and paxillin (10) . Paxillin is physically linked to the cytoplasmic tail of the transmembrane spanning integrin receptors. Therefore, activation of integrin receptors should increase the association of integrin with paxillin. If focal adhesion-related molecules such as paxillin are important in cell survival signaling, they should be assembled/activated by external stress. To determine whether integrin was present and linking to other members of the focal adhesion complex, we compared the effect of HS on both integrin-FAK and integrin-paxillin interactions. As shown in Figure 4 , HS caused increased interaction between integrin and FAK. Moreover, the Western blot in Figure 4 shows that heat shock increased the amount of FAK phosphorylated at tyrosine residue 397; an event that occurs when FAK becomes activated. Figure 5 shows that HS also caused increased interaction between integrin and paxillin. The sum of these results is consistent with myocyte stress causing assembly of an activated signaling complex that localizes at the cell membrane/adhesion complex.
Effect of HS and viral infection on paxillin localization in response to MI
Paxillin is known to be important in cell adhesion and recently has been hypothesized to occupy a central location in cellular signaling pathways. Based upon the results above, we investigated further the biology of paxillin in response to stress. In response to HS, paxillin was more prevalent in the membrane fraction ( 0' (-) HS vs. 0' (+) HS; Figure 6A ). Next, we compared the effect of 10 minutes of MI on membrane paxillin levels in control myocytes and myocytes subjected to prior heat shock.
Compared to control myocytes, the HS-induced paxillin effect persisted following the onset of the MI insult. The total cell content of paxillin did not change over 30 minutes of ischemia in either control or HS groups ( Figure 6B ). This data suggests that HS-induced cardioprotection is not secondary to inhibition of protein degradation but likely results from stabilization of critical signaling molecules.
Infection with HSP27 or HSP70 alone did not affect paxillin expression in the membrane fraction at baseline or during a subsequent MI stress ( Figure 6C ). However, co-infection with both HSP27 and HSP70 resulted in a dramatic increase in membraneassociated paxillin ( Figure 6C ). The paxillin changes (occurring only in the HS and HSP27/HSP70 dual infected myocytes) correlated with protection from lethal injury suggesting that the paxillin change may be associated with a cardioprotective response.
Since the membrane fraction (as prepared in our laboratory) contains the sarcolemmal membrane as well as other proteins attached to the sarcolemmal membrane and potentially important in intracellular signaling pathways, this data is consistent with paxillin being assembled into a membrane-based signaling complex.
Effect of FAK disruption on association with paxillin and ischemic cell death
Focal adhesion kinase (FAK) is known to interact/associate with both integrin receptors and paxillin in the focal adhesion complex. Since the data above suggest that a stress-induced shift in paxillin localization is associated with increased cell survival, it would be predicted that disruption of paxillin from the hypothesized signaling complex would prevent any potential cardioprotective effect of paxillin and may even worsen cell survival in response to a lethal insult. The data in Figure 7A show that infection of NRVM with FRNK virus, (a virus containing a FAK-related non-kinase and therefore functions as a competitive inhibitor of FAK; (13)), downregulates activated FAK compared to NRVM infected with empty virus. Figure 7B shows that treatment with FRNK virus disrupted the normal association between integrin ß-1 and paxillin (p<0.02).
Infection with FRNK adenovirus had no detrimental effect on cell viability in the absence of MI when compared to empty virus (29.5 +/-3.5% vs. 26.3 +/-1.0%; empty virus vs.
FRNK virus at 48 hours of infection; n=3; p=NS; Figure 7C ). However, the right half of Figure 7C shows that infection of NRVM with FRNK virus results in significantly more injury in response to 60 minutes of MI compared to NRVM infected with empty virus (64.3 +/-2.7% vs. 50.3 +/-2.4%; FRNK infected myocytes vs. empty virus; n=4; p<0.05).
Discussion
The results of the present study show that myocytes exposed to HS prior to sustained metabolic inhibition sustained significantly less injury than myocytes exposed only to the sustained metabolic insult. The witnessed cardioprotection was from both traditional oncotic cell death as well as from apoptotic cell death (Figure 2A,B) . At least one previous study in isolated myocytes has shown that heat shock (i.e. rather than selective adenoviral-induced overexpression) induces cardioprotection (42). As expected, we measured a robust increase in the expression level of HSP70 as well as a smaller but significant increase in HSP27 expression ( Figure 1 ) (25). Our results and those of previous studies suggest that the cardioprotective effect of HS at least correlates with and may be directly due to increased expression of HSP27 and/or HSP70 but the subcellular mechanism is not clear.
Role of focal adhesion complex/paxillin in HS-induced protection
The most intriguing finding of the present study was that myocytes protected by HS contained increased the amount of both FAK and paxillin associated with ß-integrin compared to myocytes that did not show protection (i.e. control, non-HS myocytes).
Furthermore, the increase in FAK and paxillin associated with ß-integrin in protected cells persisted longer throughout a subsequent episode of sustained MI compared to non-HS protected myocytes (Figures 4, 5) . These results suggest that HS causes a change in paxillin localization and/or FAK activation and that this change is at least related to the underlying pathway and/or mechanisms of cardioprotection or may even be an integral part of a signaling pathway leading to protection. Therefore, it is possible that rapid reduction of energy levels may somehow affect the ability of HSPs to protect. However, our model system is capable of measuring a significant protective effect utilizing MI as shown with heat shock (i.e. Figure 2) .
Regardless, the expression of either virus alone did not result in a significant change in paxillin localization. These results generated further intrigue regarding the correlation between altered paxillin localization and cardioprotection.
Effect of dual HSP expression on lethal cell injury and paxillin localization
One potential explanation for the lack of protection seen in myocytes infected with HSP27 and/or HSP70 alone is that heat shock-induced cardioprotection is more complex than simply increasing expression of individual HSPs. Since we had both viral reagents, we decided to test this hypothesis by co-infecting NRVM with both HSP27 and HSP70 to achieve simultaneous expression of both HSPs in the same myocyte. As shown in Figure 1C , co-infection with both viral reagents resulted in a significant increase in both HSP27 and HSP70 in the same population. Furthermore, dual infection resulted in protection against MI injury ( Figure 3B ). Most interestingly, the anticipated shift in paxillin localization in response to infection and subsequent MI was present in myocytes infected with both HSP27/70. These results are consistent with all of the other discussed results; i.e. when protection from lethal injury is present in this model system, it correlates with a change in paxillin localization in response to MI.
Effect of paxillin disruption on lethal cell injury and paxillin localization
The experiments utilizing selective expression of heat shock proteins confirmed the observations from the heat shock experiments; i.e. protected myocytes exhibit a shift in paxillin localization to the membrane fraction that persists during exposure to MI.
Furthermore, the virus experiments confirmed that when protection is not present, no alteration in paxillin localization is identified (i.e. HSP27/HSP70 alone experiments).
However, it would also be predicted that disruption of paxillin and/or its ability to bind to and activate partner proteins would prevent activation of the proposed cellular survival signals and therefore worsen lethal/ischemic injury. Therefore, we decided to take advantage of other members of the focal adhesion complex that bind to paxillin; specifically, focal adhesion kinase (FAK). FAK is a membrane bound non-receptor and paxillin. If paxillin is prevented from binding/activating its normal binding partners, then we would predict that the response to lethal injury would be worsened. Indeed, FRNK infection caused more cell death in response to MI than empty virus-infected myocytes ( Figure 7C ).
Possible mechanism(s) of HS/HSP-induced cardioprotection
The data from this study strongly implicate paxillin as an important biologic/ molecular marker that may be causally related to the observed cardioprotection.
However, whether the HS-induced effects on paxillin and the corresponding cardioprotection seen in this study are causally related is not known. One possible mechanism of protection (previously discussed) would be FAK linking to other signaling molecules that in turn result in activation of protein kinase B (Akt). Akt has well known anti-apoptotic actions as well as recently described cardioprotective effects (5, 30) .
Interestingly, a recent paper showed that paxillin itself could directly inhibit cardiomyocyte apoptosis triggered through src kinase (24) . 
